In this chapter, commercial single-walled carbon nanotubes (SWCNTs) were purified by standard methods and functionalized with borane (BH 3 ). The morphology, presence of elements and vibrations of different functional groups are probed by transmission electron microscopy (TEM), energy dispersive (ED) spectroscopy, and Fourier transform infrared spectroscopy (FTIR), respectively. A Sievert-like hydrogenation setup has been designed and is employed for hydrogenating the functionalized SWCNTs for different time durations. The amount of hydrogen stored in the functionalized SWCNTs has been quantified using elemental analysis, carbon, hydrogen, nitrogen, sulfur (CHNS) combined with thermal (TG/TDS) measurements. A maximum of 4.77 wt.% of hydrogen has been stored at 50 C and the samples become dehydrogenated in the temperature range 90-125 C. From the experiments, it has been found that the amount of hydrogen stored in functionalized SWCNTs increases with increasing hydrogenation duration. Moreover, the entire hydrogenation and dehydrogenation process was examined by Raman, thermal, and elemental analyses together. During the experiments, hydrogenation and dehydrogenation processes were stabilized and were found to be repeatable. Overall, the achieved hydrogen storage capacity of SWCNTS functionalized with BH 3 is close to the US DOE target.
Introduction
Hydrogen is evolving as a green fuel for transportation purposes [1, 2] . In recent times, the storage and transport of hydrogen remains a subject of scientific importance. Storage of hydrogen in the form of gas and liquid needs high pressurized environment and cryogenic temperatures which has general problems associated with leakage, safety, and storage capacity. Therefore, storage in solid-state materials provides an appropriate choice. However, the interaction between hydrogen and the host material is either strong (covalent or ionic) or weak (van der Waals forces). For instance, metal hydrides, metal organic frameworks, clathrates, and other nanostructures cannot provide synergic advantages of high gravimetric storage capacity, reliability, and suitable kinetics for applications [3] [4] [5] [6] . Carbon-based nanostructures have attracted the scientific community as one of the promising materials for hydrogen storage [7] [8] [9] [10] . Among them, carbon nanotubes (CNTs) are widely reported to be potential materials for hydrogen storage [11] [12] [13] [14] [15] [16] [17] . CNTs possess unique properties such as hollowness, cylindrical shape, interstitial sites, nanometer scale diameter, and porosity that make them as one of the viable candidates for hydrogen storage [17] . An attempt of hydrogen storage in SWCNT bundles made by Dillon et al. [18] has led to broad investigation on CNTs for hydrogen storage. Further experimentations on hydrogen storage in CNTs indicated that bare CNTs are not suitable material for the storage of hydrogen [19] [20] [21] [22] [23] . This is because of the weak interaction (van der Waals interaction) between hydrogen molecules and CNTs; hence, more hydrogen can be stored only at lower temperatures through physisorption. Functionalization of CNTs by the addition of atoms or molecules enhances the interaction between hydrogen and CNTs which results in higher storage capacity [24] [25] [26] [27] [28] [29] . Moreover, the functionalization of SWCNTs with transition-metal atoms itself occupies more weight percentage on SWCNTs [30] ; and also they form strong metal hydrides while hydrogenation which inturn obviously reduce the space for hydrogen storage [31, 32] .
In this chapter, a hydrogen storage medium (HSM) based on SWCNTs, capable of storing and delivering hydrogen in the temperature range suitable for fuel cell applications has been developed. Here, the SWCNTs are modified by means of functionalizing them with BH 3 . Our earlier computational studies [27] based on density functional theory (DFT) exhibited that functionalization of SWCNTs with BH 3 increases the binding energy of hydrogen molecules, thereby improving the storage capacity too. The theoretical results inspired us to choose BH 3 for functionalization of SWCNTs, experimentally. Moreover, it was pre-determined to carry out the hydrogenation experiments just above room temperature. This was due to the fact that hydrogen storage at very lower temperature and pressure conditions is not feasible for mobile applications. Hydrogenation of the functionalized SWCNTs has been performed for different time durations. Further, the hydrogenated samples were annealed to check the desorption of hydrogen. The amount of hydrogen uptake and desorption temperature range have been calculated. The binding energy of hydrogen and the nature of hydrogen binding were estimated based on the characterization results. Both hydrogenation and dehydrogenation experiments were repeated to examine the reproducibility.
Theoretical background
To understand the hydrogen storage behavior of CNT and the mechanism of hydrogen binding, we have investigated the hydrogen storage capacity of CNT (10, 0) functionalized with BH 3 using DFT calculations implemented in VASP (Vienna Ab-initio Simulation Package). Figure 1 shows the front and top views of CNT (10, 0). CNT (10, 0) is an achiral type of zigzag nanotube, whose mirror image has an identical structure to the original one. The shape of the cross section is trans-type. The radius of the tube is 3.96 Å and it has 20 hexagons and 40 carbon atoms per unit cell.
Computational details
Ultra-soft pseudopotentials treating the electronic states as valence C: 2s 2 2p 2 ;B:2s 2 p 1 ;H:1s 1 were used. The local density approximation (LDA) was adopted for the exchange-correlation functional. Two unit cells of (10, 0) were taken in a super cell of geometry 28 Â 28 Â 7.92 Å. The super cell was taken to be large enough since the periodic repetitions do not lead to any effective interactions between neighboring tubes. The super cell of the tube has 20 half and full hexagons. The energy cutoff for the plane wave basis set was 287 eV. The Brillouin zone was sampled by 1 Â 1 Â 8 mesh points with Monkhorst-pack k-point scheme [33] . Twenty BH 3 molecules were attached on 20 full hexagons around the CNT; this corresponds to the full coverage case. The structures were optimized using conjugate gradient algorithm. Convergence was achieved when the energy was less than 1 Â 10 À5 eV/atom and 0.5 Â 10 À5 eV/Å. The hydrogen molecules were attached to the SWCNT-BH 3 complex with a bond length of 0.74 Å parallel to the tube axis. The binding energy of the BH 3 molecule was calculated as E B BH 3 ðÞ ¼ E T SWCNT À 20BH 3 ðÞ À E T SWCNT ðÞ À 20E T BH 3 ðÞ ½ =m (1) In a similar way, the binding energy per H 2 molecule was calculated as
where E T denotes the total energy of the respective systems. The integer m represents the number of H 2 molecule adsorbed on the surface.
Functionalization
Being light weight and hydrogen rich, BH 3 is able to adsorb H 2 molecules as adsorbates on the surface of CNT. Two unit cells of CNT (10, 0) contain 20 complete hexagons. It is reported that the center of a hexagon is the most stable state for adsorbates [34] . We have attached a single BH 3 on the center of each hexagon at a distance of 2 Å from the surface of the tube. The system C20BH 3 refers to CNT (10, 0) + 20BH 3 complex. After relaxation, the equilibrium position of BH 3 occurs at 2.6 Å from the surface of the tube with an increased bond length of 1.2 Å and an average bond angle of 119 . Figure 2a and b shows the structure of C20BH 3 before and after relaxation, respectively. The binding energy per BH 3 is 3.98 eV. In the figures, gray, parrot green and white color balls represent the carbon, boron, and hydrogen atoms, respectively.
Hydrogenation

C20(BH 3 +H 2 )
A single H 2 molecule is attached to each BH 3 at 2 Å distance from the surface of the tube in the relaxed structure of C20BH 3 . This complex C20(BH 3 +H 2 ) is relaxed and the H 2 close to BH 3 has been displaced. Now the distance between BH 3 and H 2 reduces to 1.47 Å. After relaxation, the bond length of H 2 molecule has been increased from 0.74 to 0.9 Å. The relaxed structure of the system C20(BH 3 +H 2 ) is shown in Figure 3a . The binding energy of a single H 2 molecule is 0.86 eV, the storage capacity is 3.16 wt%, and the desorption temperature is 1100 K. Carbon Nanotubes -Recent Progress 334
C20(BH 3 +2H 2 )
Another H 2 molecule is attached to each BH 3 . The C20(BH 3 +2H 2 ) structure is relaxed and the H 2 has been displaced from the distance of 2 to 4 Å. After relaxation, the bond length of H 2 molecule has been increased from 0.74 to 0.78 Å. The relaxed structure of the system C20 (BH 3 +2 H 2 ) is shown in Figure 3b . The binding energy of a H 2 molecule is 0.38 eV, the hydrogen storage capacity is 6.12 wt%, and the desorption temperature is calculated as 486 K.
C20(BH 3 +3H 2 )
The binding energy of the system C20(BH 3 +2 H 2 ) lies in the range of ideal binding energy 0.2-0.4 eV. Hence, the system can adsorb more number of hydrogen. The third H 2 adsorbed on BH 3 is moved away from the BH 3 after relaxation. It is adsorbed at 3.42 Å and the bond length of H 2 molecule has been increased from 0.74 to 0.83 Å. The relaxed structure of the system C20 (BH 3 +3H 2 ) is shown in Figure 4a . The binding energy of a H 2 molecule is 0.24 eV, the storage capacity of the system is 8.9 wt%, and the desorption temperature is 307 K.
C20(BH 3 +4H 2 )
Another H 2 molecule is added to each BH 3. This structure is relaxed and the H 2 has been adsorbed at a distance of 3.39 Å. After relaxation, the bond length of H 2 molecule has been increased from 0.74 to 0.83 Å. The relaxed structure of the system C20(BH 3 +4H 2 ) is shown in Figure 4b . In this case, the H 2 molecules are weakly bound, and the binding energy is found to be 0.16 eV, which lies below the ideal binding energy of H 2 .
All H 2 are molecularly physisorbed through BH 3 and oriented randomly on CNT. The binding energy of H 2 , storage capacity, and desorption temperature of all the systems are given in Table 1 . The electrostatic interaction is responsible for the binding of H 2 on the (CNT + BH 3 ) complex. Since the binding energy of BH 3 is higher than the H 2 binding energy range, only H 2 molecules will be released during desorption and not the BH 3 molecules.
Experimental
Materials
SWCNTs were purchased from Sigma Aldrich with a purity of >98% and purified using acid treatment. LiBH 4 was purchased from Sigma Aldrich with an assay of >95%. The other reagents and chemicals used for experiments were purchased from Merck with 99% purity. Alumina substrates of dimension 19 Â 19 Â 0.65 mm were used. The substrates were cleaned with chromic acid, acetone, and distilled water by means of sonication for 30 minutes (alumina substrates were taken as they are stable at higher temperatures).
Purification of SWCNTs
Generally, commercial CNTs contain a major component of CNTs along with amorphous carbon structures and metal catalyst impurities (that might be used during the synthesis 
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Binding energy/H 2 (eV) Desorption temperature (K) Storage capacity (wt%) Carbon Nanotubes -Recent Progress process) in few proportions. Hence, it is essential to purify the CNTs before conducting experiments. The purification steps involved heating at 300 C for 1 hour, acid treatment, and repeated washing.
Designing of hydrogen storage setup
A chamber made up of stainless steel has been designed for our hydrogen storage experiments and is named as hydrogen storage setup. The length of the chamber is about 45 cm with a diameter about 10 cm. The thickness of the stainless sheet is about 0.5 cm. The schematic diagram of the hydrogen storage setup is shown in Figure 5 . In the figure, the size of the gas inlet valve is large compared to the gas outlet valve. This has been made intentionally to make some amount of gas exist in the chamber to react with samples during the hydrogenation experiment. Moreover, the sample is placed in the path of gas outlet. This is because of the reason that; the gas should meet the sample before leaving the chamber. The sample holder is also made up of stainless steel sheet. Commercial hydrogen gas (purity >90%) cylinders has been used for the experiments.
SWCNT deposition and functionalization
A well dispersed solution of SWCNTs was deposited on alumina substrates and a subsequent heating up to 200 C was done. LiBH 4 (the precursor for BH 3 ) was mixed with diethyl ether ((C 2 H 5 ) 2 O) in a ratio of 25 mg/ml, and it was drop casted over the surface of SWCNTs. Then the substrates were heated to 275 C (decomposition temperature of LiBH 4 ) for 1 hour, which yields borane. The released BH 3 reacts with SWCNTs and forms a complex, SWCNT + BH 3 . This complex acts as an HSM.
Hydrogenation
The functionalized samples were loaded in the hydrogenation setup and hydrogenated as detailed in this section. Initially, we would like to know whether the functionalized SWCNTs exhibit hydrogen storage capability at a temperature around 100 or 50 C. For that, the functionalized samples were maintained at a particular temperature and the hydrogen gas was allowed to flow for some time interval at a known flow rate and then the samples were left in the chamber to attain room temperature. After hydrogenation, the hydrogen content present in the samples was again estimated using CHNS-elemental analysis. The initial hydrogenation results we got were encouraging. The results are presented in Table 2 . After the confirmation of the hydrogen storage ability of functionalized SWCNTs, we improved our hydrogenation setup by introducing a few controlled valves to reduce the leakage of hydrogen gas. The functionalized samples were loaded in the hydrogenation setup and hydrogenated for different time durations by maintaining the substrate temperature at 50 C and the hydrogen flow rate at~0.5 liter/minute. The storage capacities were calculated as the difference of hydrogen content in the samples before and after the hydrogenation experiment and the results are presented in Table 3 .
Dehydrogenation
Thermal annealing was used to stimulate the dehydrogenation from the hydrogenated samples. The hydrogenated samples were annealed at 200 C for 1 hour. The temperature was controlled by a digital proportional-integral-derivative (PID) controller. After annealing, the samples were left in the furnace to reach room temperature and then characterized.
Characterizations
The morphology of SWCNTs was analyzed by transmission electron microscope (TEM) imaging using a JEOL JEM 2100 model unit with an accelerating voltage of 200 kV. The energy dispersive (ED) spectrum of SWCNTs was recorded using the JEOL model 6390 unit with an accelerating voltage of 5 kV. Infrared (IR) spectrum was recorded over the range 4000-450 cm À1 using a Shimadzu model (FTIR-8400S, CE) spectrometer at room temperature with a resolution of 1 cm À1 . X-ray photoelectron spectroscopy (XPS) measurements were taken using a Scienta ESCA3000 model spectrometer. Raman measurements were carried out using a Labram HR800 model spectrometer. The samples were excited with a 17 mW (~633 nm) He-Ne laser. Before taking measurements, the spectrometer was calibrated using a silica wafer. An Elementar Vario EL III model analyzer was used for CHNS-elemental analysis. A Perkin Elmer-Diamond model unit was used to study the thermal response of the samples. Figure 6(b) displays the existence of carbon and oxygen in the sample along with copper resulting from the supporting grid. The functional groups present in the functionalized SWCNTs are determined from the bands appearing in the IR spectrum. Figure 7 shows the IR spectrum of the functionalized SWCNTs. Absorption peaks at 1608, 1027, and 729 cm À1 correspond to C=C stretching, C-C stretching, and skeleton vibrations of carbon atoms in CNTs, respectively. The electrostatic interaction between BH 3 and CNT caused the deformation [35] and asymmetric stretching [36] of B-H bonds; the resultant respective peaks are observed at 1260 and 2350 cm À1 . On the other hand, the appearance of a peak at 1430 cm À1 is due to C-H asymmetric deformation vibrations of the dissociative adsorption of BH 3 on CNT. The results of the IR study authenticate that the SWCNTs functionalized with BH 3 is stable and is agreed with the theoretical results [25] .
The composition of elements present in the functionalized sample is found from the X-ray photoelectron spectroscopy (XPS) spectrum. The full survey spectrum of the functionalized sample is shown in Figure 8 . The de-convoluted XPS spectra of the individual components, such as C, Li, B, and O are shown in Figure 9 (a)-(d), respectively. The C 1s component at 286.3 eV is assigned to C-OorC-OH bond [37] and a small peak at 290.9 eV is due to Li 2 CO 3 . The peak at 56.7 eV is attributed to Li. The lower binding energy component (188.9 eV) is assigned to boron atoms bonded only to the other boron atoms [38, 39] , whereas the higher energy component (193.8 eV) represents the oxidized boron [40, 41] . The main O 1s component is assigned to boron oxide [39] . The weight percentages are 44.7, 15.4, 7.1, and 28.7 for the elements C, B, Li, and O, respectively. From the XPS studies, it is observed that the incorporation of 
Hydrogenation analyses
The quantity of hydrogen stored in the functionalized samples is measured from the CHNSelemental analysis. The hydrogenation results are shown in Tables 2 and 3. The storage capacity at this temperature (50 C) of the designed storage medium is much higher than the [39] , and Li et al. [42] . Figure 10 shows the Raman spectra of SWCNTs (C), SWCNTs functionalized with BH 3 (CB), and hydrogenated functionalized SWCNTs (CBH). In the entire spectrum, the D and G bands appeared around 1350 and 1570 cm À1 , respectively. The defect concentration in CNT can be measured by calculating the intensity ratio of the D to G band. As the defect density increased for the samples from SWCNTs, functionalized SWCNTs to hydrogenated SWCNTs, the corresponding D/G ratio has also increased from 0.08, 0.21, to 0.59. The Raman and CHNelemental analyses are together used to probe dehydrogenation (the dehydrogenated sample and is designated as DCB). The hydrogenation and dehydrogenation experiments are repeated a number of times and the corresponding D/G ratio is also measured. The deterioration level of the functionalized SWCNTs after repeated hydrogenation and dehydrogenation is only about 2.3%. A similar change of 3% was reported by Zhang et al. [43] . The hydrogen storage capacity varies 5% about the mean value. Figure 11 shows the TG spectra of all hydrogenated samples CBH1, CBH2, CBH3, CBH4 and Figure 12 shows the region associated with hydrogen desorption. The spectrum for the sample CBH1 shows a weight loss of about 3.27 wt% in the temperature range 105-140 C and it corresponds to the desorption of stored hydrogen from the sample. The desorption profile shown in Figure 12 exactly measures the starting and end temperatures of the desorption. The primary weight loss is attributed to hydrogen desorption since the desorption of borane starts above 275 C. The findings obtained from TG analysis are in line with Raman results. The activation energy of desorption, E d can be calculated from the maximum desorption peak using the following Equation [1] ,
Desorption analyses
where T m is the temperature at maximum peak (121 C), β is the heating rate (10 C/min), and R is the universal gas constant. The calculated activation energy of desorption for the sample Figure 10 . Raman spectra of all the samples. Figure 11 . TG spectra of all the hydrogenated samples.
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where T is the desorption temperature, K B is Boltzmann's constant and ΔS is change in entropy. The estimated binding energy value is 0.31 eV per H 2 for the temperature 121 C. The various factors found from the hydrogenation and dehydrogenation studies are presented in Table 4 . From the desorption profile, it is apparent that the desorption peak temperature reduces with the increase in hydrogen storage capacity.
The obtained binding energy values fall in the weak chemisorption region, and is in the suggested region (0.2-0.4 eV) for a practical hydrogen storage medium [7] . The functionalized SWCNTs and hydrogen interact through a combination of inductive, covalent, and electrostatic charge transfer mechanisms [7, 25] amidst CNTs and hydrogen, borane anchored as a bridge. The composition presence of hydrogen measured from CHNS analysis is equivalent to the weight lost in the thermogravimetric study, i.e., the quantity of hydrogen desorbed is equal to the quantity of hydrogen adsorbed. Thus, our system exhibits 100% desorption in the temperature range 90-140 C, which may be more suitable for vehicular-based fuel cells than the desorption temperature reported by Arellano et al. [21] and Lee et al. [44] . This observation reveals that the adsorption sites on CNTs surface are relatively uniform and that there are no sites which form very weak or very strong adsorption bonds [1] . On the whole, the present investigation reveals the ability of reversible hydrogen uptake by the functionalized SWCNTs.
Summary
In this chapter, the hydrogenation and dehydrogenation studies of SWCNTs functionalized with BH 3 are presented. The SWCNTs are successfully functionalized with BH 3 using LiBH 4 as the precursor. The deposition process involves a simple drop casting method. The presence of BH 3 in the functionalized sample is confirmed using IR study. From XPS study, apart from C, the presence of Li, B, and O are also observed in the functionalized sample. Then, the functionalized samples are hydrogenated for different time durations. A maximum storage capacity of 4.77 wt% is achieved at 50 C, which is close to the U.S. DOE target of 5.5 wt% for an HSM to be used for on-board applications. Based on thermal annealing, a systematic investigation of desorption of hydrogen is carried out. The evidences for desorption is provided by Raman, CHNS-elemental, and TG measurements. The results show that thermal annealing treatment induces desorption of hydrogen from the hydrogenated functionalized SWCNTs. The stored hydrogen is released over the temperature range 90-140 C. The deterioration level of the sample is also checked using Raman analysis. Overall, this investigation shows that the SWCNTs functionalized with BH 3 may be a suitable reversible hydrogen storage system that is capable of storing and releasing hydrogen under optimum conditions over repeated cycles suitable for hydrogen-based fuel cells used in vehicular applications.
